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resources all the time throughout the year has led to research in the area of hybrid renewable energy 
systems. In the past few years, a lot of research has taken place in the design, optimization, operation 


EPS and control of the renewable hybrid energy systems. It is indeed evident that this area is still emerging 
saa and vast in scope. The main aim of this paper is to review the research on the unit sizing, optimization, 
Hybrid renewable energy systems $ : 3 
Photovoltaic energy management and modeling of the hybrid renewable energy system components. Developments in 
research on modeling of hybrid energy resources (PV systems), backup energy systems (Fuel Cell, Battery, 
Ultra-capacitor, Diesel Generator), power conditioning units (MPPT converters, Buck/Boost converters, 
Battery chargers) and techniques for energy flow management have been discussed in detail. In this 
paper, an attempt has been made to present a comprehensive review of the research in this area in the 
past one decade. 
© 2012 Elsevier Ltd. All rights reserved. 
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1. Introduction household energy consumption of the urban population has 
resulted in the unprecedented increase in the demand for energy 

The rapid industrialization over the past three decades due and in particular electricity. This has led to a huge supply-demand 
to globalization, inventions in new technologies and increased gap in the power sector. The scarcity of conventional energy 


resources, rise in the fuel prices and harmful emissions from the 

burning of fossil fuels has made power generation from conven- 

* Corresponding author. Tel.: +91 9933363474, +91 3222 281752. tional energy sources unsustainable and unviable. It is envisaged 
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unless it is met by some other means of power generation. Inacces- 
sibility of the grid power to the remote places and the lack of rural 
electrification have prompted for alternative sources of energy. 
The renewable energy resources, such as wind, sun, water, sea and 
biomass, have become better alternatives for conventional energy 
resources. 

Hybrid Renewable Energy Systems (HRES) is composed of one 
renewable and one conventional energy source or more than 
one renewable with or without conventional energy sources, that 
works in stand alone or grid connected mode [1]. HRES is becom- 
ing popular for stand-alone power generation in isolated sites due 
to the advances in renewable energy technologies and power elec- 
tronic converters which are used to convert the unregulated power 
generated from renewable sources into useful power at the load 
end. The important feature of HRES is to combine two or more 
renewable power generation technologies to make best use of their 
operating characteristics and to obtain efficiencies higher than that 
could be obtained from a single power source. Hybrid systems can 
address limitations in terms of fuel flexibility, efficiency, reliability, 
emissions and economics. 

A generalized model of HRES is illustrated with a block diagram 
in Fig. 1, where either one or both of the renewable sources (solar 
PV/wind) can be used in combination with back up devices, such 
as FCs, batteries, UCs or DG sets. Solar PV and wind systems are the 
primary sources of energy. This energy is available in abundance, 
but is intermittent in nature and site specific. To overcome this 
drawback, back up energy devices (secondary sources) are intro- 
duced into the system to supply the deficit power and to take care 
of transient load demands. The primary and secondary sources are 
connected to the dc bus through dc-dc converters to obtain reg- 
ulated power output from the sources and to maintain a constant 
voltage at the dc bus. The converters for PV/wind system are usually 
a cascade of two dc-dc converters, one used for maximum power 
tracking and the other for voltage regulation. Similarly, dc and ac 
loads are connected to the dc bus through dc-dc and dc-ac convert- 
ers respectively. This ensures regulated power supply to the loads 
throughout operation. The batteries and UCs are connected to the 
dc bus via bi-directional dc-dc converters for effective charging and 
discharging. DG sets are connected by means of ac-dc converters. 
The FC stack and electrolyzer need individual dc-dc converters for 
regulated power output and conversion. 

The entire system has one master controller and several slave 
controllers for different sources. The master controller operates in 
close co-ordination with all energy sources and slave controllers. 
It controls the switching action between the primary and back up 
energy sources depending on availability of power and prior set 
control logic. The voltage and current measurements of an individ- 
ual power source are taken locally by respective slave controller and 
is relayed back to the master controller at each sampling instant. 
The slave controller also generates PWM signals for the dc-dc con- 
verter under its control and hence monitors the power regulation. 
The solid black arrows indicate the flow of energy from the sources 
to the dc bus and from dc bus to loads. The dotted arrow lines indi- 
cate the control action and information flow between the sources 
and controllers. This HRES ensures continuous and effective deliv- 
ery of power to the loads. 

Solar Photovoltaic (PV) and wind energy which are renewable, 
site-dependent and non-polluting are potential sources of alterna- 
tive energy. Nonetheless, standalone PV/wind systems can meet 
the load demand only for the time during which sunshine/cut-in 
wind speeds are available. Hence, HRES invariably includes backup 
energy storage systems to meet the load demand at any point of 
time. The elements of backup energy storage systems are either fuel 
cell (FC) or battery or diesel generator (DG) or ultra-capacitor (UC) 
or a combination of these sources. While batteries are most com- 
monly used for this purpose, they typically lose 1-5% of their energy 


content per hour and thus can store energy only for short period 
of time [2]. The various possible hybrid system configurations can 
be designed based on availability of primary energy sources (PV 
and/or wind) onsite. Backup energy sources are complimentary in 
nature due to difference in capital and operating costs, power and 
energy characteristics and fuel flexibility. However, this review is 
focused mainly on PV based HRES due to space limitations. 

PV technology is a relatively new field of renewable energy that 
is rapidly expanding. The amount of power generated by a PV array 
depends on the operating voltage of the array and the maximum 
power point (MPP), which vary with solar insolation and temper- 
ature. MPP specifies a unique operating point on PV characteristic 
at which maximum possible power can be extracted. At the MPP, 
the PV operates at its highest efficiency. Therefore, many methods 
have been developed to track the MPP [3]. The output power of 
the solar module is highly affected by the sunlight incident angle 
and its efficiency can be improved if the solar module is properly 
installed at the optimum angle. Chen et al. [4] calculated the opti- 
mum installation angle for the fixed solar modules based on the 
genetic algorithm (GA) and the simulated-annealing (SA) method. 

Significant research on economic and environmental aspects of 
integrating the PV system with DG has been reported [5-8]. The DG 
backup for PV systems has gained popularity for quite long time as 
itis capable of supplying electric energy for 24h, at low capital cost. 
However, increased fuel prices, intensive maintenance and harmful 
carbon emissions from DG sets have made them unsustainable and 
unattractive [9]. Moreover, the whole system efficiency decreases 
drastically when the DG has to be run lower than the rated out- 
put. UCs have also been suggested as back up devices for offering 
high energy density as compared to ordinary capacitors and high 
power density than batteries [10,11]. They also have high round 
trip efficiency (greater than 90%) and can support greater number 
of charge/discharge cycles. 

Over the time, FCs are replacing the DG as an alternative backup 
energy resource in the integrated PV systems. The major problems 
associated with FCs are the high cost of the membrane and cat- 
alyst as well as fuel availability [12]. However, the combination 
of the FC and the renewable energy source can provide a multi- 
fold benefit [13]. First, fossil fuel consumption would be reduced 
because of higher FC efficiency than DG, and second benefit would 
be reduction of power losses, since the FC power plant can be placed 
at or near the load center to take advantage of its low noise and 
emissions. Another important advantage in using FC is its fuel flexi- 
bility. However, the most common fuel used is hydrogen. Hydrogen 
can be derived from natural gas, ethanol, methanol, biogas, and 
coal gas, propane, naphtha or other similar hydrocarbons through 
reforming. This type of hybrid system is particularly useful in space- 
ship, transportation and stationary applications. Hydrogen prices 
are likely to drop in future to about double price of natural gas as 
hydrogen is becoming a commodity. The decisive economical factor 
is the effective cost per kWh. Today’s FCs are already competitive 
in comparison to DG, offering a huge up-side potential with the 
expected cost decrease in hydrogen and cost increase in diesel. If 
the whole system is properly designed, then FC results in reduced 
maintenance effort and cost compared with a DG [14]. 

The review article discusses four main aspects in the subsequent 
sections, i.e. unit sizing and optimization of the HRES, modeling of 
the major components used in hybrid PV systems with FC, DG, Bat- 
tery or UCas backup, modeling of power conditioning units, optimal 
energy flow management and at last the challenges faced by HRES 
and future trends that can help in improving the system. The sizing 
and optimization study is essential before setting up or installation 
ofa HRES. It gives a fair idea of the size of the individual components 
and hence plays an important role in the initial capital investment. 
The modeling of components is highly significant in understand- 
ing the physical mechanisms and power generation ability of the 
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Fig. 1. Generalized model of block diagram of hybrid renewable energy system. 


components. It is useful for simulation studies. The optimal energy 
flow study devises techniques and schemes to operate the system at 
minimum cost but with high reliability. Lastly, the challenges bring 
forward the gaps in research areas and the discussion on future 
trends is vital for improving the overall technology of the HRES. 


2. Unit sizing and optimization 


Renewable energy sources essentially have random behavior 
and cannot have accurate prediction. Continuous sunny days give 
abundant PV power because of which the battery banks or hydro- 
gen tanks are underutilized. On the other hand, cloudy days with 
continuous rain can discharge the batteries and hydrogen stor- 
age tanks well beyond the lower discharge limit. Therefore, the 
number of PV modules to be installed, the size of the FC, battery 
bank and hydrogen storage tanks need to be calculated carefully 
considering all extreme weather conditions. Unit sizing and opti- 
mization is basically a method of determining the size of the hybrid 
system components by minimizing the system cost while maintain- 
ing system reliability. Optimum resource management in a hybrid 
generation system is crucial to achieve acceptable cost and relia- 
bility level. These design objectives are usually conflicting with one 
another and thus a reasonable tradeoff between them is desirable. 
Over sizing the system components will increase the system cost 
whereas under sizing can lead to failure of power supply. Thus, suf- 
ficient care should be taken to design a reliable system at minimum 
cost. 

A classification chart that groups and classifies the various siz- 
ing procedures is illustrated in Fig. 2. This broad classification is 
based on the availability and non-availability of weather data, such 
as irradiance, clearness index and wind speed [15]. When weather 
data is available, conventional sizing approaches are used and are 
classified on the basis of concept of energy balance and reliabil- 
ity of supply. However, conventional techniques need long term 
meteorological data for sizing of PV systems, which may not be 
available in remote isolated sites. Thus, non availability of weather 
data in remote sites has urged the researchers to look into Artifi- 
cial Intelligence (AI) techniques, such as Artificial Neural Networks 
(ANN), Fuzzy Logic (FL), Genetic Algorithms (GA) or a hybrid of such 
techniques [16]. 

Conventional sizing methods are in use for more than two 
decades and give accurate results when actual weather data is 


available. One of the simple ways of sizing components is based 
on the concept of energy balance. The daily average available 
energy from the sun and the daily average load demand are bal- 
anced to determine the number of modules needed. The available 
energy from the sun can be determined from solar irradiance 
data. Sizing based on energy balance takes into consideration 
the path losses and efficiencies of the source, converters and 
controllers. Li et al. [17] proposed an algorithm to determine 
the minimal system configuration using an iterative technique 
based on energy balance. The optimal sizes of the system com- 
ponents for a hybrid PV/FC/Battery system producing onsite 
hydrogen were determined in [18]. Sizing of batteries were done 
by carefully choosing the days of autonomy, a vital parameter 
in battery sizing. FC and electrolyzer sizing were done taking 
marginal safety. 

Some of the sizing procedures in the literature consider the 
reliability of electricity supply as an important factor. This reli- 
ability is determined by estimating the loss of load probability 
(LOLP) which is the ratio between estimated energy deficit and the 
energy demand over the total time of operation [15]. Other sim- 
ilar concepts are loss of power probability (LOPP), loss of power 
supply probability (LPSP) and load coverage rate (LCR). Such siz- 
ing techniques are used in applications where a high degree of 
reliability is required. Ardakani et al. [19] used a reliability index 
called equivalent loss factor (ELF) for optimizing the size of the 
components in a hybrid wind/PV/Battery system. Xu et al. [20] 
proposed a strategy to minimize the total system cost subject to 
the constraint of LPSP using GA. Moriana et al. [21] also used LPSP 
as a reliability index for sizing the storage unit in a wind/PV sys- 
tem. Nelson et al. [22] considered an LPSP less than or equal to 
0.0003 which corresponds to a loss of power of 1 day in 10 years 
for sizing the PV modules and hydrogen tanks in a wind/PV/FC 
system. 

In remote inaccessible sites, weather data collection is difficult. 
Hence researchers devised AI based techniques to size the PV sys- 
tems. Mellit et al. [16] discussed various AI methods for sizing of PV 
systems. Some of the AI techniques are ANN, FL, GA or a hybrid of 
such methods. These methods can tolerate certain degree of error 
in the input data; generate fast results once trained from exam- 
ples and model complex non-linear processes with ease. ANN is a 
collection of interconnected processing units where each incoming 
connection has an input value and a weight attached to it. The out- 
put is a function of the summed units. ANNs can then be trained 
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Fig. 2. Classification of hybrid system sizing methods. 


Table 1 
Artificial intelligence (AI) techniques used in sizing of HRES. 


SI no. Al technique used & references Brief description 

1 Genetic Algorithms (GA) [20,24,25] Optimal sizing of standalone hybrid wind/PV systems and 
wind/PV/DG systems 

2. Artificial neural network (ANN) [23,26] Sizing PV systems using adaptive ANN 

3. Hybrid methods 


a) Combination of neural network and 
wavelet transform [27] 
b) Combination of neuro-fuzzy and GA [28] 


Sizing of standalone PV system using neural network and 
wavelet techniques 
Using neuro-fuzzy and GA for sizing standalone PV systems 


with respect to data sets, and once trained, new patterns may be 
presented to them for prediction or classification. FL allows the 
application of a ‘human language’ to describe the problems and 
their fuzzy solutions. When input parameters are highly variable 
and unstable, fuzzy controllers can be used as they are more robust 
and cheaper than conventional PID controllers. Hybrid methods use 
a combination of two or more AI techniques for sizing the system. 
Mellit et al. [23] considered the latitude and longitude of the site as 
inputs and estimated two outputs based on an ANN model for siz- 
ing the PV system. The output parameters allowed successful sizing 
of the number of PV modules and batteries with a relative error less 
than 6%. Similar applications of various AI techniques in sizing and 
optimization of HRES are listed in Table 1. 

Sizing of the components is generally accompanied by opti- 
mizing the system components or other parameters, such as 
investment cost, output energy cost or consumption of fuel [29]. 
Optimization is generally carried with the objective of minimiz- 
ing the Net Present Cost (NPC) or by minimizing the Levelized Cost 
of Energy (LCE) [30]. Wang and Singh [31] proposed a constrained 
mixed-integer multi objective particle swarm optimization (PSO) 
method to minimize the system cost and simultaneously max- 
imize the system reliability. The unit sizing and optimization 
by minimizing the NPC using HOMER for a hybrid PV-Wind- 
Diesel-Battery system and hybrid PV-Diesel-Battery system has 
been carried out in [32] and [33], respectively. Ashok [34] used 
non-linear constrained optimization techniques to minimize the 


Table 2 
Simulation tools and their features used in HRES. 


annual operating cost for a hybrid PV-Wind-Diesel-Battery sys- 
tem including a micro-hydro. The renewable energy fraction was 
calculated to be 100% and the need for DG was hence elimi- 
nated. Several simulation tools are readily available today in order 
to model, size and optimize the hybrid system. An overview of 
such simulation and/or optimization tools is discussed in [29,30]. 
A brief description of a few popular simulation tools is listed in 
Table 2. 


3. Modeling of hybrid renewable energy systems (HRES) 
components 


3.1. Modeling of solar photovoltaic 


A solar photovoltaic (PV) system converts the solar energy 
directly into electricity. The smallest unit of this system is the 
solar cell. Cells are then arranged in the module which is further 
connected in series and/or parallel fashion to form arrays. The dc 
electricity produced at the terminals of the arrays can be used in 
a variety of applications, such as dc motors or lighting systems. 
The PV system is highly non-linear as can be evident from its cur- 
rent vs voltage (I-V) characteristics shown in Fig. 3 [40]. It exhibits 
either current source or voltage source behavior depending on the 
operating point lying on the left or right of P, respectively [40]. At 
maximum power point (MPP), product of voltage (Vmp) and cur- 


SI no. Simulation tool Developed by, references Brief description 

1, HOMER NREL [35] Simulation and sizing of HRES based on optimization of NPC, 
considering wind turbines, PV modules, batteries, small hydro 
and many other components 

2. HYBRID2 NREL and University of Massachusetts [36] Long term performance and economic analysis of HRES 

3. PV SOL Valentin Energy Software [37] Designing, planning of both stand-alone and grid-connected 
systems and analysis of electricity consumption and its costs 

4. RAPSIM MUERI in a project funded by ACRE [38] Simulation of HRES including PV, wind, diesel generators 

5; TRNSYS Solar Energy Laboratory, University of Simulation of solar thermal systems, solar PV, wind and 


Wisconsin-Madison [39] 


several other components without optimization 
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Fig. 3. I-V characteristics of a PV module. 


rent (Imp) is maximum. Isc and Voc are open circuit voltage and 
short-circuit current, respectively. 

Modeling PV arrays is one of the key components in the anal- 
ysis of PV systems’ performance. There are several mathematical 
models describing PV behavior under external influences, such as 
temperature and solar irradiance. Hence it is necessary to classify 
the existing models to simplify the study of PV arrays. Broadly these 
models can be categorized as electrical and thermal models. Elec- 
trical models give the relationship between the PV output voltage 
and current based on certain parameters such as the reverse satura- 
tion current of diode and losses occurring in the series and parallel 
resistances. The thermal models, however, take into consideration 
the effect of operating temperature in modeling. This is determined 
by energy balance concept, i.e. the solar energy absorbed by a mod- 
ule is converted partly into thermal energy and rest into electrical 
energy. The increase in cell temperature mainly due to increasing 
solar insolation throughout the day is calculated depending on the 
heat loss coefficients and cell efficiency. 


3.1.1. Electrical models 

A simple equivalent circuit model for a PV cell consists of a 
diode in parallel with an ideal current source. The ideal current 
source delivers current in proportion to the solar flux to which it 
is exposed. A more accurate model of a PV cell [41] considers the 
effect of series (Rs) and parallel resistance (R,,) as shown in Fig. 4. 
This equivalent circuit holds good for a cell, a module or even an 
array. In a practical PV cell, a series resistance is offered by the 
semiconductor material, the metal grid, metal contacts and cur- 
rent collecting bus. These resistive losses are lumped together as 
a series resistor (Rs). Its effect becomes very conspicuous in a PV 
module that consists of many series-connected cells, and the value 
of resistance is multiplied by the number of cells. Similarly a certain 
loss is associated with a small leakage of current through a resistive 
path in parallel with the intrinsic device. This can be represented by 
a parallel resistor (Rsp). Its effect is much less conspicuous in a PV 
module compared to the series resistance, and it will only become 


Rload 


Fig. 4. Electrical equivalent circuit of a single diode model of a PV cell considering 
the effect of series and shunt resistances. 


Rload 


Fig. 5. Electrical equivalent circuit of a two diode model of a PV cell. 


noticeable when a number of PV modules are connected in parallel 
for a larger system [42]. 

The relationship between voltage and current [41] for the equiv- 
alent circuit of the PV cell (Fig. 4) considering both the series and 
shunt resistances is 


ey ae hgs to {exp [5] i} 


where I, is the PV cell generated current, Ip is the reverse saturation 
current, Ip is the diode current, Isp is the shunt current, Rs is the 
series resistance, R,, is the shunt resistance, a is the curve fitting 
parameter, I is the load current and Vis the load voltage. This is the 
single diode model considering both Rs and Rsp or it is sometimes 
known as the five parameter model as it depends on Ij, Io, Rs, Roh 
and a. Few authors have neglected the value of Rs [43] and Rsp [44] 
during modeling. This converts the five parameter model to a four 
Parameter one. 

While modeling a PV module under standard test conditions 
(STC) the values of h, Io, a and Rs [41] can be calculated from 
the expressions in the following equations. Eqs. (2-5) below have 
neglected the value of Ry. 


V + IRs 
Rsh 


(1) 


I ref = Isc 2) 

Io,ref = IL,ref EXP (=) 3) 

te= Uv,ocTc,ref — Voc,ref + CgapNs 4) 
(MiscTeret/Itret) — 3 

R= aln(1 — Ump/IL)) — Vp + Voc 5) 


Imp 


where Isc is the short circuit of the module, Voc is the open circuit 
voltage of the module, Ns is the number of cells in series in a mod- 
ule times the number of modules in series in an array, Msc is the 
temperature coefficient of the short circuit current, {ty oc is the tem- 
perature coefficient of the open circuit voltage, egap is the band-gap 
energy of the material, Imp and Vmp are the current and voltage at 
maximum power point, respectively, and Te is the cell temperature. 
These values are usually given in the datasheet of the PV modules 
supplied by the manufacturer. As temperature and insolation influ- 
ence the electrical output from PV module, the values of I, Io, a can 
be calculated at any temperature and irradiance [41]. However, in 
Eq. (5) the variation of R; with respect to temperature is neglected. 

Recombination in the depletion region of PV cells provides non- 
ohmic current paths in parallel with the intrinsic PV cell [45]. This 
is represented by the second diode (D2) in the equivalent circuit 
[46] of a PV cell as shown in Fig. 5. The two diode model [47,48] 
provides improved accuracy and is applicable mainly for solar cells 
made of polycrystalline silicon. An advanced three diode model is 
proposed in [49] for multi-crystalline silicon solar cells consider- 
ing the influence of grain boundaries and large leakage currents 
through the cell periphery. 
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(thermal capacitance) [50] 


Fig. 6. Classification of solar PV models. 


3.1.2. Thermal models 

The performance of a PV module strongly depends on its operat- 
ing temperature. The incoming solar energy absorbed by a module 
is partly converted into thermal energy [41] that is dissipated by 
a combination of conduction, convection and radiation. The cell 
temperature depends on the ambient conditions and also on the 
operation of the PV module. For best operation, minimum possi- 
ble temperature is preferred. Energy balance on unit area of a PV 
module, cooled by losses to the surroundings is represented as [50] 


C 7 = taGy — NcGr — UL (Te — Ta) (6) 
where C; is the thermal capacitance of PV module, Gr is irra- 
diance, Tą is ambient temperature, Te is cell temperature, U, is 
overall heat loss coefficient, nc is efficiency of PV cells and ta is the 
transmittance-absorption product of PV cells. If only U, is consid- 
ered, Te is determined as in Eq. (7). If both U; and C; are considered, 
Eq. (6) reduces to a linear, first order, non-homogeneous differen- 
tial equation represented as Eq. (8). The solution of Eq. (8) is given 
as in Eq. (9). 


To Nc 

te G ui) (1 a (7) 
dT, 

a +aTe-b=0 (8) 

b b 
Te(t)= (Teinit = 2) exp(-at) + 2 (9) 
where constants a and b are given by 
U 1 

“Gt on 
b= (to — nc)Gr + ULTa (11) 


Ct 


where t is time in seconds, Teinit is the temperature of cell at initial 
conditions and Tt is thermal time constant for PV module. 

Based on the literature review covered in the present work a 
broad classification of the PV models and their variants is illus- 
trated in Fig. 6. Several variants of electrical and thermal models 
available in the literature are already discussed in detail in previous 
subsections. 


3.2. Modeling of fuel cell 


Fuel cell (FC) is an electrochemical energy conversion device 
that converts the chemical energy of a fuel directly into electric- 
ity. Depending on the type of electrolyte used several types of FCs, 
such as Proton Exchange Membrane (PEM) FC, Alkaline FC, Molten 
Carbonate FC and Solid Oxide FC, have been developed [51]. Sub- 
stantial amount of research has been made regarding the use of fuel 
cells as alternative sources of power for transportation and station- 
ary power generation. Among all types of fuel cells, PEM is very 
promising owing to its low temperature operation and quick start 


Rohm j 


Ract 


Reone 


E-Vact1 | — 


Fig. 7. Electrical equivalent circuit of a fuel cell. 


up. Hence, only PEM fuel cell models are reviewed in the present 
work. 

The electrical equivalent circuit of a FC [52] is shown in Fig. 7. 
The FC terminal voltage is less than that due to the activation, ohmic 
and concentration voltage drops occurring inside the FC [53]. The 
activation voltage drop is due to the energy required to initiate 
the chemical reaction associated with sluggish electrode kinetics. 
The ohmic losses occur in the cell because of resistance to the flow 
of ions in the electrolyte, electrons in the outer circuit and contact 
resistance. There is a further drop in potential at higher current den- 
sities due to depletion of reactants at higher currents and is known 
as concentration polarization. In addition, two oppositely charged 
layers are formed across the boundary between the electrodes and 
electrolyte. 

This double charge layer behaves as a capacitor and tends to 
store charge. Its charge storage ability adversely affects the dynamic 
response. The capacitor is represented in parallel to the activation 
and concentration voltage drops as it does not immediately fol- 
low the current as the ohmic voltage drop does due to the slow 
electrochemical reactions in the FC. 

The FC output voltage can hence be given as [52] 


Vout = E — Vacti — Ve — Vohm (12) 


where E is the internal voltage developed across the FC, Vacti is the 
temperature dependent term of activation voltage drop, Vc is the 
voltage developed across the capacitor and Vonm is the voltage drop 
due to ohmic losses. 


2932 P. Bajpai, V. Dash / Renewable and Sustainable Energy Reviews 16 (2012) 2926-2939 


The voltage E developed over a single cell, ideally described by 
the Nernst equation is given as 


Py. P, 1/2 
E=E4 or ( H Oa ) (13) 


where Ep is the standard potential of the hydrogen/oxygen reac- 
tion (about 1.229 V), R is the universal gas constant, F is Faraday’s 
constant and Tis the gas temperature. Py, is the partial pressure of 
hydrogen available at the anode; Py, and Po, are partial pressures 
of water and oxygen, respectively, at the cathode. 


Vactı = No + (T — 298)a (14) 
where no and a are empirical constants. 


dV, 
Vc = (1 C a) (Ract + Reonc) (15) 


where I is the load current, C is the internal capacitance and the 
equivalent resistance Ract and Reonc represents activation and con- 
centration voltage drop, respectively. 


Vohm = IRohm (16) 


where Ronm is the equivalent resistance representing ohmic voltage 
drop in the FC. 

Fuel cell modeling can be broadly classified into three cate- 
gories [54] shown in Fig. 8. Analytical models are reported by 
Standaert et al. [55,56], make simple assumptions to arrive at an 
approximate V-I density relationship and hence do not give an 
actual picture of water transport processes occurring in the cell. 
In semi-empirical modeling, the theoretically derived differential 
and algebraic equations combine with empirically determined rela- 
tionships. FC models used in HRES are mostly one-dimensional 
semi-empirical models [57,58]. The mechanistic models are based 
on electrochemical, thermodynamic and fluid dynamic equations 
and, in general, have high level of details, requiring the knowledge 
of parameters that are very difficult to be obtained, such as transfer 
coefficients, humidity levels, membrane, electrode and active cata- 
lyst layer thicknesses. A one-dimensional, steady state, isothermal 
model with water transport, reactant species transport is presented 
by Bernardi and Verbrugge [59,60]. 

A review of existing models of PEMFC reveals that substantial 
research has been done to study the steady state behavior and 
dynamic behavior of FCs. The dynamic aspects in the behavior of 
FCs are analyzed and discussed in detail [61,62]. Electrochemical, 
thermal and a combination of both to form a transient model are 
discussed in these articles to study the effect of change in load, oper- 
ating temperature and gas flows. Sharifi Asl et al. [63] discussed 
a model to study both the steady state and dynamic behavior by 
a lumped parameter model. It also takes into account the double 
charge layer phenomena in FCs [52]. There are a few review arti- 
cles giving an overview of existing mathematical models of PEMFC, 
classifying and comparing some of them [54,64]. 


5 emi- 
empirical 


Fig. 8. Classification of PEMFC models. 


3.3. Modeling of electrolyzer 


The fuel needed for power generation in FCs is hydrogen. But 
despite of its abundance in atmosphere, hydrogen is not freely 
available and occurs mostly in combination as molecular com- 
pounds. Separation of hydrogen from these compounds is an energy 
intensive process. Removal of hydrogen from fossil fuels is easy as 
these fossils are at a higher energy state. Such a process known 
as reforming is however polluting in nature. Separation of hydro- 
gen from water needs more energy than the reforming process, but 
does not release any pollutant. The process of extracting hydrogen 
from water is called electrolysis and is used in an electrolyzer. 

In the process of electrolysis, the water molecules are decom- 
posed into their constituent elements, i.e. water and oxygen. An 
electrolyzer is as series of cells each containing a positive and neg- 
ative electrode [52]. The electrodes are immersed in water which is 
made electrically conductive by adding alkaline potassium hydrox- 
ide to furnish the hydroxyl ions (OH™ ). Hydrogen and oxygen gases 
are produced at cathode and anode, respectively. The rate of hydro- 
gen generation depends on the current density. A simple equivalent 
circuit [52] for an electrolyzer is shown in Fig. 9. Vev cel is the inter- 
nal electrolyzer cell voltage, V.e and I are the input dc voltage and 
current to the electrolyzer, and the nonlinear temperature and cur- 
rent dependent resistor represents the internal losses. Hence, the 
internal voltage for each cell is expressed as 


Veen — Viev,cell ga Varop,cell (17) 


where Varop,cell Corresponds to the voltage drop across the nonlinear 
current and temperature dependent resistor block. A more detailed 
model considering parasitic losses is discussed in [52]. 

Lebbal and Lecoeuche [65] proposed another electrical model 
for the electrolyzer. This model more accurately represents the 
potential drops observed in the electrolyzer cells. These voltage 
drops correspond to a reversible drop Vey, activation drop Vact, 
propagation drop Vprog and drop due to ohmic losses Vonm. Hence 
the applied voltage U can be expressed as 


U = Vrey + Vact + Vprog + Vohm (18) 


where Vrev is the cell potential when current is nil and is expressed 
as 


1/2 
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Vrev = Vo 4 (19) 
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Fig. 9. Electrical equivalent circuit of an electrolyzer. 
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where R, F, Vo and ap,o are the universal gas constant, the Faraday’s 
constant, the standard reversible voltage and the water activity, 
respectively. Py,, Po, and T are the partial pressures of hydrogen 
and oxygen and gas temperature, respectively. 

Vact is the potential drop due to the electrochemical kinetic 
behavior and is expressed as 


RT I 
Vact = anF In (x) (20) 


where g, lọ and n are the transfer co-efficient, exchange current and 
number of electrons participating in the reaction, respectively. 

The propagation of gases affects the partial pressures and chem- 
ical reaction velocity and causes a potential drop, Vprog expressed 
as 


RT I 
Voros = gap M (1+) (21) 


where $ and him are the constant coefficient and the diffusion limit 
current, respectively. 

The ohmic loss Vonm occurs mainly due to the resistance of poly- 
mer membrane, Rmem and hence Vonm is given as 


Vohm = Rmem! (22) 


Moschetto et al. [66] proposed an electrolyzer model based on 
its energy efficiency ("gstack) and defined it as the ratio between 
the hydrogen produced in watts and the dc power supplied to the 
electrolyzer. 

HHVu, Qu, 


NEstack = 
Vstackl. stack 


(23) 
where HHVy2 is the hydrogen high heating value, Quy, is the hydro- 
gen flow, Vstack is the stack voltage and Istack is the stack current. 
Jalilzadeh et al. [67] presented an electrolyzer model in a hybrid 
PV-FC system based on the availability of hydrogen in terms of 


power difference and is expressed as 


SOCelec = f (Pace x Nelec) dt — as (24) 
NEC 

where Palec = Ppv — Poan, Ppv is the power generated by the solar PV 

array, Poan is the power demand by the load, Prc is the power gen- 

erated by the fuel cell stack, nelec and nrc represent the efficiency 

of electrolyzer and FC, respectively. 


3.4. Modeling of hydrogen tanks 


Hydrogen gas poses a great challenge not only in its extraction 
but also in its storage. The low density of hydrogen gas and low boil- 
ing point of liquid hydrogen makes it difficult to store hydrogen 
either in gaseous or liquid form. Therefore, for all practical pur- 
poses, hydrogen gas is either stored as a high pressure gas or as a 
liquid cooled down to cryogenic temperatures or as metal hydrides 
where hydrogen gas bound to certain metal. 

Mathematical models relating pressure of stored hydrogen gas, 
efficiency and rated power of the compressors are discussed in 
[17,68]. Zhou and Francois [69] represented the pressure of stored 
hydrogen gas using Van der Waals equation of state for real gases 
as 


RT. 
Psto = a Msto (25) 
sto 


where Tsto is the gas temperature, Vsto is the storage tank volume, 
Msto is the net flow rate of hydrogen into the tank and R is the 
universal gas constant. 

Mathematical models for hydrogen storage in metal hydride 
tanks are discussed in [70,71]. Zini and Tartarini [72] presented a 
model of hydrogen storage in the process of physisorption (physical 
adsorption) on activated carbon in a wind-hydrogen hybrid system. 


3.5. Modeling of ultra-capacitor 


An ultra-capacitor (UC) also called as an electrochemical double 
layer capacitor [73] is alow voltage energy storage device similar to 
a battery but exhibiting an extremely high capacitance value [74]. 

UCs have high power density, low series resistance, high effi- 
ciency, large charge/discharge capacity and low heating losses [75]. 
These deep-discharge capacitors with a fast response are suitable 
for operation over a wider range of temperature [76]. However the 
terminal voltage of an UC decreases with decreasing state of charge 
(SOC) and rate of decrease depends on the load current. Seventy- 
five percent utilization of the UC causes a drop in the terminal 
voltage to about 50% of the rated value. Thus for incorporation and 
effective utilization of these devices in HRES, a dc-dc converter 
should be used to interface the device with the dc bus to maintain 
the dc bus voltage [75]. 

Several models for effective representation of UCs have been 
suggested in the literature [76] and electrical equivalent circuits 
of four models are shown in Fig. 10. The choice of the model 
depends upon the specific application. Though the classical equiv- 
alent circuit model (Fig. 10a) is only a first order approximation, in 
comparison to the others it is simpler to represent or measure its 
parameters and is mostly used in HRES study [10,73,77]. 

The classical equivalent circuit comprises of three components 
[78]: (i) Equivalent Series Resistance (ESR) which represents the 
voltage drop and the loss due to internal heating during the charg- 
ing/discharging process, (ii) Equivalent Parallel Resistance (EPR) 
which represents the effect of leakage current or self discharging 
and only affects the long term energy storage performance and (iii) 
Capacitance (C) produced due to the double layer effect. Research 
shows that the variation of capacitance with voltage is only 10% 
and very less affected by charging rate [75]. So, it can be assumed 
to remain constant during the entire period of operation. 

UCs are mainly used with FCs in PV or wind energy systems. It 

improves the dynamic behavior of the hybrid system to load varia- 
tions due to its fast response compensating for the slow dynamics of 
the FC. It also helps in reducing the FC system size and peak power 
shaving and therefore reduces the initial cost of the system. In all 
such applications the dynamic behavior being of more importance, 
EPR can be neglected [78]. The total usable energy from an UC is 
expressed as [10,77] 
1 
2 
where Ctotal = NpC/ns and C is the capacitance, ns is the number of 
UCs connected in series in each string to meet the rated voltage 
at the dc bus and np is the number of such strings connected in 
parallel to achieve the required storage capacity. V; is the terminal 
voltage of the capacitor bank at rated SOC and V; is the minimum 
voltage obtainable after discharging the capacitor limited by the 
dc-dc converter specification [78]. 


Euse = Ciota (V? = vê) (26) 


3.6. Modeling of battery 


Battery is a storage device essential for storing electrical energy 
for maximum utilization of intermittent renewable resources. The 
lead-acid battery which is often used in HRES is complex, nonlin- 
ear device controlling operational states of the system. The energy 
conversion during charging/discharging of the battery takes place 
with the following reversible reaction: 


Pb + PbO2 + 2H2S04 <> 


2PbSO,4 + 2H20 (27) 
charging/discharging 


Modeling of lead-acid batteries for real time analysis of HRES 
must account for the dependence of battery parameters on (i) state 
of charge, (ii) battery storage capacity, (iii) rate of charge/discharge, 
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Fig. 10. Electrical equivalent circuit models for ultra-capacitor. 


(iv) ambient temperature, (v) life and other internal phenomenon, 
such as gassing, double layer effect, self discharge, heating loss 
and diffusion. The equivalent circuit representation of battery as 
suggested in [79,80] is shown in Fig. 11. 

The battery circuit parameters are as follows: 

The internal resistance of the battery representing the voltage 
drop and heating loss is a function of the battery SOC. It remains 
constant up to 90% rated SOC and then increases exponentially. 
The charging resistance Riep and the discharging resistance Rigch 
are different in their values. 


Ra Ral 


Cb 


è Ra and Cg, represent the double layer effect occurring due to 
distribution of ions in the electrolyte in the vicinity of activated 
electrodes. 

e Ra and Ca represent the capacitive effect of the diffusion layers 
with oppositely charged ions on either side of the electrolyte. Its 
time constant is much larger than the time constant due to double 
layer effect. C, represents the battery capacity in watts. 

e With respect to time, as the battery is being charged with a 
voltage Vpat and current I,a, gas resistance Rg decreases exponen- 
tially and the gas current Ig increases exponentially. Therefore, 


discharging charging 


Ri 
V ` Ibat x 


Vbat 


Fig. 11. Electrical equivalent circuit of battery. 
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a portion of the input energy is spent in producing hydrogen 
and oxygen and the main reaction current (Imr), which converts 
electrical energy to chemical energy, decreases correspondingly. 
Finally complete charging current Ipat becomes the gassing cur- 
rent Ig. At this stage, further increment in the battery open-circuit 
voltage (Voc) is not possible. 

e The present SOC is given by the ratio of the ampere hour 
remaining in battery to rated ampere hour. This along with spe- 
cific gravity is used for calculating Voc empirically and R; from 
experimental data, thus giving an accurate representation for 
determining battery terminal voltage (Vhat). 


Battery sizing in a HRES is mostly done on the basis of days of 
autonomy for which the storage is required to serve the entire load 
in the absence of power from the other sources of energy [81]. The 
battery capacity can be calculated in terms of days of autonomy or 
according to the following expression [82,83]: 


bE actoad 
a= (DODmax )7iCt a 
where Eacioag is the total ac load on system in ampere-hour, n; is 
the inverter efficiency, DODmax is the maximum allowable depth 
of discharge, ct is the temperature correction factor as allowable 
DOD decreases with decrease in temperature. However, high DOD 
decreases battery life [84]. 

In HRES, the mode of operation of battery (i.e. charging or dis- 
charging) is dependent on the renewable energy source availability 
and the load demand. The model required for sizing and economic 
study is based on an energy balance of battery and subjected to 
maximum-minimum bounds on the storage state variable to pre- 
vent gassing and over-discharging [85-87]. The SOC at any instant 
(t+ At) is given as [88]. 


SOC(t + At) = SOC(t)(1 — 5) + Ipat(t) Atpat (29) 


where ô is the self discharge coefficient, Ipat is the battery current 
(charge/discharge) and npat is the battery coulomb’s efficiency. 


3.7. Modeling of diesel generator 


The renewable energy systems have intermittent output char- 
acteristics and are integrated with conventional power sources to 
deliver a steady power output. In various HRES, DG acts as this 
steady source of power. The DG systems are designed to supply the 
load and also charge the storage device (say battery), if the renew- 
able energy source along with battery is unable to supply the load. 
Proper energy balance is required for optimum system operation as 
the consumption of fuel is proportional to the power being supplied 
by the DG [84,88]. 


Consumption per hour = APg + BPng (30) 


where Pg and Png are the power generated and nominal power of 
the DG while A and B are coefficients of the consumption curve in 
kWh. The DG efficiency is expressed as [89] 


Ndg = NtNmechanical electrical (31) 


where nt is the indicated thermal efficiency that accounts for heat 
loss in the DG, mechanical Corresponds to the frictional losses in 
moving parts of DG and ‘electrical Corresponds to the losses in the 
alternator. The product of nt and mechanical is called as brake ther- 
mal efficiency. The overall DG efficiency varies with amount of 
power generated by it and therefore they are operated at around 
80-100% of their rated power or may even be controlled to operate 
in constant power delivery mode [86,87,90]. The DG should have 
limited operation time to reduce wear and tear [86] as the life of 
DG is inversely proportional to the energy supplied by it [81]. 


With the incorporation of some DGs, transient stability issue 
also surfaces. Since one generator must remain in synchronism 
with other generators and as well maintain the terminal volt- 
age according to the operational strategy, the speed governor 
and voltage regulator form an integral part of the DG system. 
The low frequency transients following a sudden contingency or 
fault have to be observed. Dynamic study of HRES requires the 
detail modeling [91] of alternator with state variables in d-q axis 
[92]; mechanical system with torque balance equation in terms of 
system parameters (moment of inertia and damping coefficient), 
speed governor and control mechanism. The d-q axis transforma- 
tion of the machine state variables allows the dynamic equations 
to be independent of time varying inductances. 


3.8. Modeling of power conditioning units 


Due to the high capital cost and requirement of large installation 
area, it is highly necessary to optimize the performance of the PV 
modules. Maximum amount of energy should be extracted from 
the PV array. This can be achieved in two broad ways. One through 
adjusting the tilt angle of the PV array so that it receives maximum 
amount of solar insolation. The other is through power electronic 
control where the operating point of the PV module is adjusted 
to operate near the MPP. The tilt angle adjustment can be done 
manually or through a combination of sensors, gears and motors in 
a solar tracking system. 

Solar tracking system can be broadly classified as single-axis 
tracking, two axis tracking and bi-annual tracking. Single-axis 
trackers track the sun on a daily basis from east to west. Two- 
axis trackers track the sun both from east to west on a daily basis 
and from north to south on an annual basis. Bi-annual tracking is 
a manual adjustment of the PV module tilt angle twice in a year. It 
provides a small increase in solar energy received on the module 
at very low cost and least maintenance. A review of such track- 
ing mechanisms and their implementation is presented in [93] and 
bi-annual tracking mechanism implementation is discussed in [94]. 

Electronic control is done based on maximum power point 
tracking (MPPT) algorithm through sophisticated power electronic 
converters. Tracking through power electronic converters bring the 
operating point of the PV close to the MPP. An MPPT algorithm is 
commonly applied in the converters to maximize the power drawn 
from PV modules under varying atmospheric conditions. This is to 
ensure that the best use of the PV array is made in producing clean 
electricity. It is important in solar power systems because it reduces 
the PV array cost by decreasing the number of solar modules needed 
to obtain the same power output. 

When a PV array is directly connected to a load, the system oper- 
ating point will be the intersection of the I-V curves of the PV array 
and the load. Under most conditions, this operating point is not 
at the PV array’s maximum power point (MPP). In principle, MPPT 
algorithm sets a reference value in the converter that interfaces the 
PV array to an electrical load. The reference is chosen so that the 
converter draws the current or imposes the voltage that operates 
the PV module at or near the maximum power point (MPP) for the 
prevailing irradiance and temperature. 

Several MPPT search algorithms have been proposed that make 
use of different characteristics of PV modules and the location of 
the MPP. Review articles have covered various MPPT techniques 
very extensively with classification and the merits and demerits 
of each technique [3,95]. The MPPT techniques were classified into 
two categories, one which needed a prior knowledge of the PV char- 
acteristics, known as indirect control or quasi-seeking methods. 
This includes the curve fitting method, look up table method, open- 
circuit voltage and short-circuit current based methods. The other 
category did not require any prior knowledge of PV parameters 
and used direct voltage or current measurements. These methods 
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Table 3 
MPPT techniques and their characteristics. 


SI no. MPPT techniques & references Sensed parameters Analog or digital PV module parameters 
implementation? dependent? 
1. Hill climbing [97,98] Voltage and current Both No 
2: Perturb and Observe (P&O) [99,100] Voltage and current Both No 
3: Incremental conductance (INC) [101,102] Voltage and current Digital No 
4. Open circuit voltage [103,104] Voltage Both Yes 
5. Short circuit current [104,105] Current Both Yes 
6. Artificial intelligence based techniques [106-108] Depends on the method adopted Digital Yes 


are known as direct control or true-seeking methods and include 
hill climbing, perturb and observe (P&O), incremental conductance 
(INC), feedback control and other similar methods. Apart from these 
two categories, artificial intelligence based MPPT techniques have 
come up in recent years and have given promising results. Table 3 
describes some of the major characteristics of few popularly used 
MPPT techniques available in the literature [96]. 

Faranda et al. [109] compared 10 MPPT algorithms based on 
their performance and implementation costs. The algorithms were 
simulated and tested on a dc/dc single ended primary inductor con- 
verter (SEPIC) for a grid connected PV system using Simulink. The 
optimized P&O and the classical INC algorithm were found to give 
the best results. Berrera et al. [110] tested seven MPPT algorithms 
experimentally by implementing them in a boost converter. The 
algorithms were evaluated based on the total power and energy 
produced by the module in the same test cycle. The PV modules 
were exposed to varying artificial irradiance and it was observed 
that the modified P&O algorithm gave better results compared to 
the other methods. 

The batteries connected in HRES generally require a bi- 
directional converter for charging and discharging purposes. Excess 
power from the renewable is fed into the battery bank charging. 
When there is deficit of power the batteries discharge and power is 
supplied to the load. This process involves sophisticated converters 
and control mechanisms to take care of battery voltage and current 
during the charging/discharging process. Similarly, FCs need dc-dc 
converters which can either buck or boost its output voltage level 
to interface with load or battery bank. 

Jiang and Dougal [111] proposed a scheme for FC/Battery/Super 
capacitor hybrid system using boost converter for fuel cell and 
bi-directional converters for battery and super capacitor. This 
improved the peak power capacity of the system and provided 
faster response despite the slow dynamics of the fuel cell. The 
bi-directional converters are controlled by hysteresis current con- 
trollers. The FC currentis also controlled using a PID controller along 
with a PWM generator. Qiang et al. [112] simulated and proposed 
a novel multi input, four directional dc-dc converter along with a 
high frequency transformer for a wind/PV/Battery hybrid system. 
They suggested 10 operating modes due to different combinations 
of the sources, storage and load. A phase shifted PWM and dual 
PI control scheme was used to extract the maximum power and 
to control the output voltage. Chuang and Ke [113] suggested a 
high efficiency battery charger using a zero voltage switching (ZVS) 
resonant converter. This charger reduces the switching losses and 
its operating temperature is much less compared to conventional 
PWM converters. 


4. Optimal energy flow management in hybrid systems 


An optimal energy flow management among the various energy 
sources in HRES is necessary since, the power output from renew- 
able sources is intermittent and dependent on several uncontrolled 
conditions. The dynamic interaction between various energy 
sources and the loads often requires a careful study of the tran- 
sient response of such systems. The energy management strategy 


should ensure high system efficiency and high reliability with least 
cost. The main objective of the technique should be to supply the 
peak load demand at all times. In hybrid PV systems, FCs serve as 
long term energy storage option and are in demand because of mul- 
tiple advantages [114,115]. However the slow dynamics of FCs and 
its degradation due to frequent start-up and shut down cycles is a 
major disadvantage. Hence batteries are used in such hybrid sys- 
tems to take care of power deficits and to act as a short term energy 
storage medium. The combination of FCs and batteries along with 
PV helps in ensuring uninterrupted power supply to the load. 

The key parameters that influence or help in deciding the 
optimal energy management strategy have been summarized as 
follows: 


e Useful electrical energy available from the primary renewable 
energy sources, such as solar PV and wind turbines. 

e Capital cost, operating cost, lifetime and days of autonomy of 
storage devices, such as batteries, ultra-capacitors and FCs. 

e State of charge of storage devices or the pressure level of hydro- 
gen tanks in case of hydrogen energy systems. 

èe The number of start-up and shut down cycles for FCs and elec- 
trolyzer. 

e Fuel price in case of hybrid systems involving DG. 


The literature on energy management schemes is quite exten- 
sive and includes various configurations of the hybrid systems 
involving solar PV. Ipsakis et al. [116] proposed three power 
management strategies (PMS) for a hybrid PV/Wind/FC/Battery sys- 
tem with hydrogen production using electrolyzers. The PMSs are 
compared based on a sensitivity analysis by considering several 
parameters such as SOC of batteries and output power from FC. 
The key decision factors in the PMSs are the power delivered by the 
renewable energy sources and the SOC of the batteries. These PMSs 
strongly affect the lifetime of various subsystems, mainly the FC 
and electrolyzer. Three stand-alone hybrid PV systems (PV/Battery, 
PV/FC, PV/FC/Battery) using different energy storage technologies 
are discussed, analyzed and compared in [17]. The energy man- 
agement strategy here is based on the system energy balance 
throughout the year and a trade-off between maximum system 
efficiency and minimum system cost has been implemented. The 
PV/FC/Battery hybrid system was found to have higher system 
efficiency with lower cost and also required lesser number of PV 
modules as compared to the other two configurations. 

Kang and Won [117] suggested a PMS for a PV/FC/Battery hybrid 
system based on the cost of battery and FC. The authors have 
aimed at reducing the number of change over between FC and 
battery by introduction of measuring and time delay elements 
to the conventional strategy. Jiang [118] presented an effective 
energy management strategy and simulated in virtual test bed 
(VTB) environment for a PV/FC/Battery system connected to the 
dc bus through appropriate dc-dc power converters and controls. 
The PV-Battery subsystem was controlled in two modes, namely the 
MPPT mode and the bus (battery) voltage limit (BVL) mode. The BVL 
mode prevents the battery from overcharging and the MPPT mode 
draws maximum power from the PV module. Similarly, another 
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control strategy was designed to manage the FC output current 
through a boost converter and regulate the bus (battery) voltage 
by a PID controller. 

Some studies on hybrid PV systems have also considered the use 
of UC instead of batteries [11,119]. Uzunoglu et al. [77] proposed a 
control strategy for a hybrid PV/FC/UC system. The UC bank stores 
the excess energy from PV and delivers it to the load when the FC is 
operating at its lower limit. The UC bank compensates the tracking 
mismatches and delays of the FC system, which generally exhibits 
a slower response. A similar strategy is suggested in [120], but the 
primary source of power is provided from both solar PV and wind. 

Dispatch strategies for a PV/DG/Battery system based on set 
point values of system load and battery SOC has been proposed in 
[88] and an optimum set of points for starting and stopping the DG 
were determined. An operational control of PV/DG/Battery hybrid 
system to minimize the cost of fuel and storage capacity of battery 
has been proposed by Park et al. [121]. The authors have suggested 
six operating modes where the DG is either switched off or oper- 
ates between constant output/maximum output depending on the 
battery storage energy. 


5. Challenges and future trends in HRES 


HRES have come a long way in terms of research and develop- 
ment. However, there are still certain challenges in terms of their 
efficiency and optimal use. The challenges faced by the developers 
are following: 


e The renewable energy sources, such as solar PV and FCs, need 
break-through technology to harness more amount of useful 
power from them. The poor efficiency of solar PV is a major 
impediment in encouraging its use. 

e The manufacturing cost of renewable energy sources needs a 
significant reduction because the high capital cost leads to an 
increased payback time. Cost reduction will provide an incentive 
to the industry to implement such systems. 

e The losses involved in power electronic converters have been 
reduced to a satisfactory level; however, it should be ensured 
that there is minimal amount of power loss in these converters. 

e The storage devices, such as batteries and UCs, need to increase 

their life-cycle through innovative technologies. 

Generation or storage of hydrogen is very expensive and energy 

intensive currently. There is a need of alternatives like fuel 

reformers based on easily available and low cost fuels. 

e The implementation of HRES involves certain protection issues; 

hence, suitable protection devices need to be installed for safety. 

Moreover, introducing these distributed generators will require 

an up gradation in the existing protection schemes. 

These standalone systems are less adaptable to load fluctuations. 

Large variation in load might even lead to entire system collapse. 

e The disposal of storage devices, such as batteries and hydrogen 
tanks and safety concerns regarding the storage of hydrogen, is a 
major concern for the manufacturers. 


Thus the researchers and engineers need to find solutions to 
address the above mentioned problems. Future research and devel- 
opment efforts can enhance the use of renewable energy sources. 
Improved technology and demand for renewable energy can help 
in reducing the cost to an extent comparable with conventional 
energy. Effective and optimum use of the energy sources in stand- 
alone systems can help in meeting the energy demands of remote, 
inaccessible areas and make them self sufficient. Government can 
provide carbon tax benefits to promote the use of renewable 
energy. More incentive based policies promoting the establishment 
of renewable power plants should be rolled out by the Government. 


This will not only encourage the use of renewable energy but will 
also ensure a clean and bright future for the coming generations. 

Throughout the world, energy policy is developing rapidly with 
the aim of providing electrical energy supplies that are low or 
zero carbon to reduce the production of greenhouse gases and 
mitigate climate change. These objectives converge in the use of 
distributed generation: renewable and cogeneration. HRES hold 
promising applications in terms of distributed generation. They can 
be used as an alternative to grid-connected systems in remote inac- 
cessible sites. Power can be generated based on the demand at any 
particular site depending on the availability of resources. This will 
not only reduce the grid dependence but also help us in reducing the 
emission levels globally. The eco-friendly nature of hybrid renew- 
able energy systems is a major driving factor which has enhanced 
its application on a large scale. 


6. Conclusions 


This review article presents comprehensive overview of hybrid 
renewable energy systems (HRES) with emphasize on solar photo- 
voltaic based stand-alone applications. Various significant aspects 
of such systems, such as unit sizing and optimization, modeling of 
system components and optimal energy flow management strate- 
gies, are specifically reviewed. Different sizing techniques have 
been reviewed under classification based on availability of weather 
data. Developments in research on modeling of hybrid energy 
resources (PV systems), backup energy systems (fuel cell, battery, 
ultra-capacitor, diesel generator) and power conditioning units 
(MPPT converters, buck/boost converters, battery chargers) have 
been reviewed. The equivalent models including several physical 
mechanisms of these system components have been extensively 
discussed with a broad classification in modeling section. The sec- 
tion on energy flow management has covered significant references 
on various methods for optimal operation and control of HRES. 

The issues on economic viability and grid interconnection are 
the major challenges to make the HRES adaptable and sustain- 
able. The high capital cost and low demand in solar photovoltaic 
and fuel cells had slowed down the large scale implementation of 
such hybrid systems in the past. However, recent global boost to 
renewable energy markets has dramatically encouraged research 
and development in this sector. Future trends include cutting edge 
technology development to increase the efficiency of such hybrid 
systems and encouragement in terms of its implementation. HRES 
has an immense potential to meet the load demand of remote, iso- 
lated sites and can contribute significantly to both rural as well 
as urban development. This in turn reduces the central generation 
capacity and increases overall system reliability. These units can 
supply uninterrupted power at zero emission level which is the 
major advantage of such systems. The widespread use of hybrid 
renewable energy systems will not only solve the energy issues 
but also ensure a green and sustainable planet. 
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